The phytotoxicity of four different composts obtained from pig slurry solid fraction composted by itself (SSFC) and mixed with sawdust (SC), woodchips (WCC) and wheat straw (WSC) was tested with bioassay methods. For each compost type, the effect of water extracts of compost on seed germination and primary root growth of cress (Lepidium Sativum L.) was investigated. Composts were also chemically analysed for total nitrogen, ammonium, electrical conductivity and heavy metal (Cu and Zn). The chemicals were correlated to phytotoxicity indices. The mean values of the germination index (GI) obtained were 160.7, 187.9, 200.9 and 264.4 for WSC, WCC, SC and SSFC, respectively. Growth index (GrI) ranged from the 229.4%, the highest value, for SSFC, followed by 201.9% for SC, and 193.1% for WCC, to the lowest value, 121.4%, for WSC. Electrical conductivity showed a significant and negative correlation with relative seed germination at the 50% and 75% concentrations. A strong positive correlation was found for water-extractable Cu with relative root growth and germination index at the 10% concentration. Water-extractable Zn showed a significant positive correlation with relative root growth and GI at the 10% concentration. These results highlighted that the four composts could be used for organic pellet production and subsequently distributed as a soil amendment with positive effects on seed germination and plant growth (GI > 80%).
Introduction
In several European countries, intensive pig production systems produce high quantities of liquid manure (slurry) in limited and specific geographic areas. With reference to Italy, the 6th Italian National Census of Agriculture indicates that the regions of Piedmont, Lombardy and Emilia-Romagna account for 90% of all pig breeding in the country [1] . In both Europe and Italy, slurry storage and subsequent land application is the predominant manure management practice, likely due to its simplicity, low cost, and potential to reduce the total cost of crop production as a chemical fertiliser replacement [2] . However, this technique carries several environmental pollution risks, including an excessive input of potentially harmful trace metals [3] , an increase in nutrient-nitrogen and phosphorous-loss from soils through leaching, erosion and runoff [4] , and the emission of ammonia and greenhouse gases (GHG) [5] . In this context, the Nitrates Directive (91/676/EEC) introduced a limit of 170 kg ha −1 y −1 for application of animal manure nitrogen (N) in areas of the member countries particularly exposed to water pollution, the so-called Nitrate Vulnerable Zones (NVZ). As a result of this restriction, and considering that the agricultural surface available for land spreading is limited, the slurry has to be transported to fields over greater distances, increasing the costs of the logistics. Consequently, there is a growing need for technologies to competitively manage livestock slurries. The separation of the solid and liquid fractions simplifies handling, making possible to adopt different management technique for the two phases. The liquid fraction (LF), which is rich in soluble N [6] , is generally applied in areas adjacent to the farm, while the solid fraction (SF), rich in nutrients (P and N) and organic matter (OM) [6] , and containing less water, can be applied to lands at greater distances. According to recent investigations, (unpublished data), the SF can be economically transported to fields up to 25 km from the livestock farm.
A promising approach for increasing the benefits of pig slurry SF, as well as for creating a potential new market for pig slurry-derived fertiliser, is to pelletise it. Pelletising increases the bulk density of SF from an initial value of 400-450 kg m −3 to a final one of more than 1000 kg m −3 [7, 8] . This allows better handling and transportation of SF at greater distances (even at hundreds of km as an order of magnitude) in order to move nitrogen (N) from Nitrate Vulnerable Zones to others less prone to pollution. Furthermore, Romano et al. [9] showed that pelletising homogenizes and further concentrates SF nutrients, thereby improving its fertilising and amending actions.
The moisture content of SF is the most important limiting factor for pelletising: a moisture content higher than 75-80% makes SF unsuitable for the process [10] . In previous studies [11, 12] , turning windrow composting has been proven as a simple and cheap technique to reduce the moisture content of SF. As a matter of fact, the heat generated by the composting process is able to reduce the moisture content of the substrate by 40%, hence suitable for pelletizing.
Composting is an aerobic process that involves the decomposition of organic matter (OM) under controlled temperature, moisture, oxygen and nutrient conditions [13] . Composting also implies OM sanitization regarding weeds and pathogens [14] .
For optimising the composting, a bulking agent is generally added to SF. This makes it possible to adjust substrate properties such as air space, moisture content, C/N ratio, particle density, pH and mechanical structure, positively affecting the decomposition rate and, therefore, the development of the temperature [15] . Typical bulking agents used to compost N-rich wastes like animal manures are lignocellulosic agricultural and forestry by-products, such as cereal straw, cotton waste, and wood by-products [15] . Their low moisture and high C/N ratios can improve the benefits of animal manures [13] .
Compost derived from pig slurry solid fraction can be re-used as a new resource material, such as soil fertiliser and conditioner, to replace the more expensive and less environmentally sustainable chemical fertilisers for crop production [16, 17] . However, the presence of non-biodegradable and toxic heavy metals limits agricultural application of composted manure [18] . Pig slurry SF often contains high concentrations of copper (Cu) compared with other animal manures, because Cu supplements are normally added to pig rations to accelerate weight gain and increase the food conversion rates when fattening pigs [19] . In addition, zinc (Zn) is also added to pig diets to counteract any toxicity which might be caused by the high Cu content [20] . Only a small proportion (5-10%) of dietary Cu and Zn is absorbed by the pigs, while the rest is voided in the pigs faeces [20] . These elements, at high concentrations, can negatively affect seed germination, development of young seedlings, roots and plants growth.
In the present study, cress (Lepidium sativum L.) bioassays were used to evaluate the toxicity of four different composts derived from pig slurry solid fraction in order to examine if the organic pellet obtained by processing these composts can be recycled back to agricultural land without causing any negative effects on seed germination and plant growth.
Materials and Methods

Composting Trials
Four different windrows were realised for composting; pig slurry solid fraction by itself (SSFC) and with the addition of 3 types of vegetal materials as bulking agents. The 3 mixtures subjected to the composting process were obtained by mixing, on wet basis, pig slurry solid fraction with 18% sawdust (SC), 30% wood chips (WCC) and 14% wheat straw (WSC), respectively. The materials were mixed in these percentages to obtain a theoretical C/N ratio equal to 30 to optimise the composting process development [15] . In detail, the composting process took place by setting up four windrows as follows:
• SSFC: consisting of 6000 kg of pig slurry SF from screw press separator; • SC: consisting of 5000 kg of pig slurry SF obtained from decanting centrifuge mixed with 900 kg of sawdust; • WCC: consisting of 8000 kg of pig slurry SF from screw press separator mixed with 2400 kg of woodchips; • WSC: consisting of 5000 kg of pig slurry SF from screw press separator mixed with 720 kg of wheat straw.
The windrows were placed on concrete floor under a covering, to avoid leaching and to protect from rain. The covering was not in contact with the surface of the windrow, allowing air to circulate and oxygen to be supplied. The ambient temperature and the temperatures inside the windrows at a depth of 0.4 m (T1), 0.8 m (T2) and 1.2 m (T3) from the surface of the windrows were continuously recorded ( Figure 1 ) using thermocouple sensors (Type K) connected to a multichannel acquisition system (Grant, mod. SQ 1600, UK). To reduce the moisture content of the organic mixtures, making the materials suitable for pelletising, windrows were composted with a turning strategy: windrows were turned when the temperature of two of the three probes inside the composing material exceeded 60 • C [21] . The experimental composting process was observed for 130 days.
Agriculture 2017, 7, 94 3 of 10
Materials and Methods
Composting Trials
 SSFC: consisting of 6000 kg of pig slurry SF from screw press separator;  SC: consisting of 5000 kg of pig slurry SF obtained from decanting centrifuge mixed with 900 kg of sawdust;  WCC: consisting of 8000 kg of pig slurry SF from screw press separator mixed with 2400 kg of woodchips;  WSC: consisting of 5000 kg of pig slurry SF from screw press separator mixed with 720 kg of wheat straw.
The windrows were placed on concrete floor under a covering, to avoid leaching and to protect from rain. The covering was not in contact with the surface of the windrow, allowing air to circulate and oxygen to be supplied. The ambient temperature and the temperatures inside the windrows at a depth of 0.4 m (T1), 0.8 m (T2) and 1.2 m (T3) from the surface of the windrows were continuously recorded ( Figure 1 ) using thermocouple sensors (Type K) connected to a multichannel acquisition system (Grant, mod. SQ 1600, UK). To reduce the moisture content of the organic mixtures, making the materials suitable for pelletising, windrows were composted with a turning strategy: windrows were turned when the temperature of two of the three probes inside the composing material exceeded 60 °C [21] . The experimental composting process was observed for 130 days.
The trial was carried out at the IMAMOTER (Institute for Agricultural and Earth Moving Machines) testing site in Turin, Italy (44°57' N, 7°36' E, 245 m above sea level). 
Measuring Chemical Parameters
At the end of the composting process, for each investigated windrow, a sample of about 200 g was collected from 5 random locations and thoroughly mixed to generate a single composite sample [18] . The obtained samples were stored for 24 h in a cooling cell at 0-7 • C.
Dry matter (DM) was calculated after drying at 105 • C for 24 h (Table 1) . Total nitrogen (TN) and ammonium (NH 4 + ) were determined using the Kjeldahl standard method (BD40HT, Lachat Instruments). Water-extractable 1:10 (w/v) Cu and Zn were determined by atomic absorption spectrometry method (Elan 6000, Perkin-Elmer Corporation, Norwalk, CT, USA) [22] . (Table 1 ). 
Seed Germination Test
The effect of compost phytotoxicity on seed germination, root length and germination index was determined with cress (Lepidium sativum L.) bioassays.
After determining the dry matter content of the four composts, the moisture content of the samples was standardised at 85% by adding deionised water [23] . The water extracts were obtained by making a 75% concentration of the standardised sample and shaking this for 2 hours. After shaking, the flasks were centrifuged at 6000 rpm for 15 min and the supernatant was then again centrifuged for 15 min. [23] . Not much is known about the phytotoxic level of compost derived from pig slurry SF; for this reason, four different concentrations, 75%, 50%, 25% and 10%, of this supernatant were investigated. The pH and electrical conductivity (EC) of the extracts were determined (Table 2) . Ten cress seeds were placed on layer of filter paper (Schleicher and Schuell no. 595, 85 mm round filters) in 90 mm Petri dishes and 5 mL of each concentration was added [23] . Distilled water was used as control. The experiment had a completely randomised block design with three blocks and two pseudo-replications (i.e., two Petri dishes with the same dilution). The Petri dishes were incubated in a growth chamber at 27 ± 2 • C and 70% relative humidity without photoperiod. At 24, 48 and 72 h after the beginning of the incubation, percentage of germination was recorded. A visible root was used as the operational definition of seed germination. After 72 h, also the length of the roots was measured.
The percentages of relative seed germination (RSG) after 24, 48 and 72 h, relative root growth (RRG) and germination index (GI) after 72 h of exposure to compost extracts were calculated as follows [24] : RSG (%) = (n of seeds germinated in compost extract/n of seeds germinated in control) × 100 (1) RRG (%) = (mean root length in compost extract/mean root length in control) × 100 (2) GI (%) = (RSG × RRG)/100 (3)
Plant Growth Bioassy
The plant growth bioassay was carried out on Lepidium sativum L. using the 4 composts investigated (SSFC, SC, WCC and WSC) mixed with sand and peat.
The substrate was prepared by mixing sand and peat with volume ratio 1 to 1 [25] . The composts were added to the substrate in two doses equal to 75 and 150 g of dry matter (DM) for L of substrate [25] .
The different mixtures obtained were placed in plastic pots of volume equal to 0.5 L. On the bottom of the pots, a layer of expanded clay was placed to permit drainage. Initially, all pots were moistened with deionised water to attain a 60% water filled pore space (WFPS). The water added to each pot was calculated to supply 70% of the water holding capacity. Thereafter, soil water content was adjusted via a drop irrigation system every two to five days as required for the crop. All pots were kept in a greenhouse for 21 days at about 22 • C [25] .
The experiment had a completely randomised block design with six replicates for each of the substrates. A replicate of pots without compost was included into the study as control. .
The Growth Index (GrI) was calculated according to the following equation:
where: Gt = mean production of plants in treatment; Gc = mean production of plants in control.
Statistical Analysis
Analysis of variance (ANOVA) was performed to compare the effect of compost type and its concentration on RSG, RRG, GI and GrI; post-hoc Tukey's test was used. The normality of data distribution and assumption of equal variance were checked using the Shapiro-Wilk and Levene test, respectively. The effect of the chemical properties of the compost extracts within the concentrations was evaluated by correlation analyses. Statistical analysis was performed using SPSS software (IBM SPSS Statistics for Windows, Version 21.0, IBM Corp, Armonk, NY, USA).
Results and Discussion
Relative Seed Germination
Composts and concentrations analysed in this study did not affect seed germination and the germination percentages were higher (p < 0.05) than those found in the control (deionised water).
The ANOVA highlighted that neither compost type nor concentration affected (p > 0.05) RSG after 24 h (RSG-24), 48 h (RSG-48) and 72 h (RSG-72). Table 3 shows the results of relative root growth (RSG). The rank of mean RRG for the compost extracts was SSFC > SC > WCC > WSC. At all concentrations, RRG of all composts exceeded 100%, suggesting a stimulating effect on root growth (Table 3) . At the 10% concentration, the RRG of SSFC was higher (p < 0.05) than WSC and WCC. At the 25%, 50% and 75% concentrations, the RRG values were not different (p > 0.05). Table 4 presents the relationship between the germination index and compost extracts. Growth stimulation was observed at all concentrations of composts extracts. The germination indices were always greater than the control (water only with GI = 100%). The increase in GI was due to longer root length when compared with the control. The presence of adequate amounts of NH4 + and other nutrients in composts extracts could be the cause of the high GI obtained [26] . Table 3 shows the results of relative root growth (RSG). The rank of mean RRG for the compost extracts was SSFC > SC > WCC > WSC. At all concentrations, RRG of all composts exceeded 100%, suggesting a stimulating effect on root growth (Table 3) . At the 10% concentration, the RRG of SSFC was higher (p < 0.05) than WSC and WCC. At the 25%, 50% and 75% concentrations, the RRG values were not different (p > 0.05). RRG mean values followed by the same letter (a or b) within columns are not significantly different (p > 0.05). Table 4 presents the relationship between the germination index and compost extracts. Growth stimulation was observed at all concentrations of composts extracts. The germination indices were always greater than the control (water only with GI = 100%). The increase in GI was due to longer root length when compared with the control. The presence of adequate amounts of NH 4 + and other nutrients in composts extracts could be the cause of the high GI obtained [26] . As reported by Zucconi et al. [27] , the compost is phytotoxin-free when GI values are higher than 80%. The WSC, WCC, SC and SSFC showed GI values higher than this limit and, therefore, they can be considered phytotoxin-free. Table 5 shows the results of the plant growth bioassay (GrI). The ANOVA highlighted that compost type affects (p < 0.05) GrI. The order in mean GrI for the four composts investigated was SSFC > SC > WCC > WSC (Table 5) . For all composts Growth Index was higher (p < 0.05) than that found in the control (without compost) suggesting a stimulating effect on plant growth. According to some authors [25] , compost with GrI values greater than 100% is considered not phytotoxic. All the composts investigated showed GrI values higher than this limit and, therefore, they can be considered phytotoxin-free.
Relative Root Growth and Germination Index
Plant Growth Bioassay
Linear Correlations
As reported in Table 6 , ammonium appeared not to affect (p > 0.05) seed germination and root growth; these results are in line with those reported by Hoekstra et al. [28] . Unlike results of other phytotoxicity experiments [29, 30] , ammonium appeared not to affect seed germination and root growth. However, ammonium in solution can be toxic to plant growth. The toxicity results mainly from ammonia (NH 3 ), which affects plant growth and metabolism at low concentration levels at which NH 4 + is not harmful [31] . The concentration of ammonia depends on the concentration of NH 4 + via the equilibrium NH 4 + (aq) = NH 3 (aq) + H + and on the volatilisation of NH 3 . A concentration of NH 3 of 13 mM has been proved to be toxic [32] . However, concentrations of NH 3 (as calculated from the pH and concentration NH 4 + by means of the equilibrium equation) in the composts extracts of the experiment were below this value. EC showed a statistically significant negative correlation with RSG-24 at the 50% and 75% concentrations (Table 6 ). Salinity can have a detrimental effect on seed germination and plant growth, especially in the seedling stage, though the response of various plant species to salinity differs considerably. In general, salinity effects are mostly negligible in extracts, with EC readings of 2.50 dS m −1 or less [33] . This critical level was exceeded in the SC and SSFC extracts in the 50% and 75% concentrations.
Water-extractable Cu, which was highest in SSFC, appeared to be positively correlated with RRG and GI at the 10% concentration. However it is known that heavy metals can cause a marked delay in germination, and that they can severely inhibit plant growth. Concentration of water-extractable Cu in the compost extracts was maximally 0.21 µg mL −1 , though according to results from a previous study [28] , 0.04 µg mL −1 of Cu inhibit root growth of plants. However, it should be mentioned that critical concentrations of heavy metals for toxicity in compost extracts are likely to be higher than critical values mentioned in literature, because of the relatively high amount of organic compounds, which can bind heavy metals [28] .
Water-extractable Zn showed a high and significant positive correlation with RRG and significant but less high correlation with GI at the 10% concentration (Table 6 ). Concentration of water-extractable Zn was below phytotoxic levels as mentioned in the literature. The maximum concentration of water-extractable Zn in the compost extracts was 1.2 mg L −1 compared to critical values ranging from 75 to 600 mg L −1 as reported by Hoekstra et al. [28] . This might explain the fact that no significant negative correlations of water-extractable Zn with RSG-24, RRG and GI were found.
Conclusions
Four different composts, resulting from pig slurry SF composting with three vegetal bulking agents, underwent bioassays to evaluate their potential toxicity following cress (Lepidium sativum L.) germination index and root length assessments.
The mean values of germination index obtained were 160.7%, 187.9%, 200.9% and 264.4% for WSC, WCC, SC and SSFC, respectively. The growth index values of all composts investigated were >100%-121.4%, 193.1%, 201.9% and 229.4% for WSC, WCC, SC and SSFC, respectively-suggesting a stimulating effect on plant growth.
The outcomes of the investigation suggest that compost from pig slurry solid fraction (SSFC) and mixtures of pig slurry solid fraction with different vegetal materials as bulking agents (WSC, WCC, SC) after 130 days of composting, are phytotoxic-free. For this reason, it can be concluded that the four composts could be used for organic pellet production and subsequently distributed as a soil amendment without risk on seed germination and plantlet growth.
